The new Japanese X-ray Astronomy satellite, ASTRO-H will carry two identical hard X-ray telescopes (HXTs), which cover 5 to 80 keV. The HXT mirrors employ tightly-nested, conically-approximated thin-foil Wolter-I optics, and the mirror surfaces are coated with Pt/C depth-graded multilayers to enhance hard X-ray effective area by means of Bragg reflection. The HXT comprises foils 450 mm in diamter and 200 mm in length, with a focal length of 12 m. To obtain a large effective area, 213 aluminum foils 0.2 mm in thickness are tightly nested confocally. The effective area is expected to be ∼ 310 cm 2 at 30 keV and the image quality to be ∼1. 7 in half-power diameter.
INTRODUCTION
Through out the history of X-ray astronomy, hard X-ray observations have been considered to be very crucial, as non-thermal phenomena due to particle acceleration processes, etc., exhibit a dominant presence over thermal phenomena at energies above several tens of keV. Hard X-rays also penetrate relatively easily through thick absorbing gases, enabling us to probe "directly" onto hard X-ray sources embedded in thick obscuring materials (as found in active galactic nuclei). Furthermore, an imaging hard X-ray telescope allows us to obtain the spatial distribution of energetic particles, which may shed new light upon the sites for particle acceleration and peculiar nucleosynthesis in diffuse X-ray sources (galactic clusters and supernova remnants).
Focusing optics in X-rays (E ∼ a few keV) have been revolutionary tools for exploring new astrophysical phenomena in the late 20th century. The energy range up to 10 keV became accessible via high-throughput X-ray telescopes with thin substrate mirror shells for the first time on board the ASCA satellite 1 (launched in 1993). The ASCA X-ray telescopes 2 also made it possible to perform imaging spectroscopy, allowing one to examine the iron K emission line features (ca. 6 -7keV) with spatial information. In the next mission, the Suzaku satellite, hard X-ray detectors (HXD 4 ) were added -in conjunction with a suite of soft X-ray telescopes 5 -in order to observe astrophysical targets from 10 to 600 keV; however, the HXD had no focusing optics. A focusing optical system -a step-up from Suzaku's HXD -will be better suited for detecting fainter sources with a broader energy spectrum from 5 keV through several tens of keVs simultaneously. That is one of the main goals for the ASTRO-H mission.
For hard X-rays above 10keV, the critical angles (θ C ) of reflection quickly decrease with increasing X-ray energy E (θ C ∝ 1/E). In order to increase reflectivity, the "multi-layer supermirror"
* was introduced to replace the single-layer reflection mirror used by previous missions. A single "supermirror" reflector consists of a thin aluminum substrate and a stack of depth-graded Pt/C multi-layer coatings (with variable layer-pair thicknesses in the stack). In such a mirror design, soft X-rays are reflected by the thicker Pt/C layer pairs close to the surface, while hard X-ray photons are reflected by thinner layer pairs close to the bottom. In turn, higher reflectivity at hard X-ray energies is achieved for a broad band.
The first test mirror was produced in 1997 7 as a Pt/C supermirror (26 layer pairs with changing thickness from 3 nm to 5 nm; the incident angle ∼ 0.
• 3 chosen to enhance the reflectivity at the energy range of 24 -36 keV). The first full hard X-ray telescope was launched as a US-Japan international balloon experimentInFOCµS -in 2001. [8] [9] [10] It consisted of a Pt/C multilayer supermirror and a CdZnTe detector. In its maiden and two later flights, several X-ray sources (including Cyg X-1) were imaged in 20-40 keV to demonstrate its performance. The success of the InFOCµS mission has been inherited by the NeXT mission (short for New X-ray Telescope or, in more astronomy-oriented term, for Non-thermal energy eXploring Telescope), which has been selected as an integral part of the ASTRO-H mission by JAXA in 2008. ASTRO-H 11 will be launched on HII-A, the Japan's primary large-scale vehicle. The basic design parameters of the proposed ASTRO-H/HXT are as follows: 12-m focal length, 45-cm diameter telescope consisting of 20-cm long foils in two (primary and secondary) stages. An extensible optical bench is to be extended in space from 6-m to 12-m to meet the focal length requirement. These parameters are chosen to meet the ASTRO-H mission requirement for the total effective areas of two HXT units to be 300 cm 2 at 30 keV with the Pt/C multilayer coating similar to that of the InFOCµS telescopes.
In the following section, we describe the design parameters of HXT along with the designs of its pre-collimators and thermal shields. In the third section, the expected performance of the HXT design is discussed, and then finally the plan for ground calibration of the integrated system is summarized in the section four.
DESIGN PARAMETERS

Telescope Design
The design parameters of the ASTRO-H HXT are summarized in table 1. The HXT is designed based on the InFOCµS and SUMIT balloon-borne experiments 12, 13 (Nagoya University, Osaka University and JAXA) under the constraint of the space within the nose fairing of the HII-A rocket. Two identical HXTs are mounted on the top plate of the fixed optical bench (FOB), while the hard X-ray imagers (HXIs), which are the focal plane detectors of the HXTs, are placed on the HXI plate of the extensible optical bench (EOB). The focal length of 12 m will be realized by extending the EOB. The usage of the EOB technology in space has been already demonstrated in ASCA 1 and Suzaku.
3 Figure 1 shows the current configuration of X-ray telescopes (XRTs) on the FOB top plate, including the soft X-ray telescopes (SXT-I and SXT-S). Each XRT has a sunshade to block direct X-rays from the Sun. The FOB top plate is covered with multilayer insulation (MLI) except for the aperture area of the XRTs. Figure 2 shows a schematic view of the current design of the HXT. The HXT has three mount tabs to be mounted on the FOB top plate. The HXT consists of four parts: two thermal shields, the pre-collimator, and the reflectors. The thermal shields are made of a polyethylene teleftalate (PET) film as thin as 5 µm, coated with an aluminum layer with a thickness of 30 nm, and is set on top of the HXT in order to isolate the HXT mirror from the space, thermally. A thermal analysis of the HXT predicts that the temperature of the secondary reflectors will be lower than the operating temperature of the HXT in orbit due to a radiation coupling between the reflectors and the inside of the satellite. Therefore, we are planing to install a thermal shield on bottom of the HXT. The pre-collimator (or stary-light baffle) consists of thin cylindrical shells, which are called blades. The Suzaku pre-collimators were mechanically independent from the mirror housing, but in the ASTRO-H HXT, the pre-collimator is integrated into the mirror housing in order to reduce stray light efficiently without any loss of the on-axis effective area. The HXT mirror employs conically-approximated thin-foil Wolter-I optics. The approximated parabolic and hyperbolic foils are called primary and secondary reflectors in figure 2, respectively. These reflectors are held at their desired location and confocally aligned by the grooves of alignment bars on each top and bottom edge of the reflectors. The diameters of the innermost and the outermost reflectors are 120 mm and 450 mm, respectively. The incident grazing angles of the reflectors range from 0.
• 07 to 0.
• 27. Although the incident grazing angle at the outermost radius is 0.
• 27, which corresponds to the critical grazing angle of platinum for total reflection of the 18 keV photon, the reflectivity in hard X-rays with E > 20 keV is enhanced due to Bragg reflection (see figure 3) . Details are described in the next subsection. To achieve high aperture efficiency despite the small incident angle, the thickness of the reflector substrate should be reduced. Thus, we use a 0.2 mm aluminum substrate. The reflector shells are confocally nested with maximal tightness. In the Suzaku XRT, we used thin foil substrates with a slant length of 100 mm. Instead, thin substrates with 200 mm slant length are selected for the HXT to reduce the total number of nestings and to obtain high aperture efficiency. As the result, the total number of the nesting shells is determined to be 213. 
Reflectors
The reflectors are fabricated by the epoxy-replication method in which a thin depth-graded Pt/C multilayer is sputtered onto the smooth surface of a glass tube and transferred to a conically shaped aluminum substrate with epoxy glue.
14 The basic technology for fabricating the ASTRO-H/HXT has been established through the balloon borne experiments, " InFOCµS" and " SUMIT".
The aluminum foils are cut into a fan shape and stacked onto a shaping mandrel. The foils are pressed onto the mandrel with air pressure and formed into a precise conical shape at 200
• C for 12 hours in an oven. The shaping mandrel has a small figure error which is less than 6 µm peak-to-bottom, and the shaped substrate has the same error. Cone angles of the substrates range from 0.
• 27 for primary reflectors and from 0.
• 21 to 0.
• 81 for secondary ones.
Meanwhile, the depth-graded multilayer is deposited onto a cylindrical glass mandrel using a DC-magnetron sputtering system. The surface of the glass mandrel has quite small micro-roughness of a fewÅ and the large scale figure error is less than 7 µm peak-to-bottom over a 200 mm length. After the deposition, epoxy is sprayed on the inner side of the substrate with a 20 µm thickness which is thick enough to fill the figure error between the glass mandrel and the substrate. After spraying epoxy, the substrate is glued onto the multilayer coated mandrel and the epoxy cured at 50
• C for 14 hours in an oven. When the epoxy layer is cured, it is separated at the boundary between the multilayer and the mandrel. The 213 reflector shells are nested and a shell is divided into 3 segments. Therefore, 1278 reflectors are built into the telescope.
For Bragg reflection, reflectivity is enhanced when the Bragg condition is satisfied; nλ = 2d sin(θ), where n is the order of reflection, λ the wavelength of the incident X-ray, d the periodic length of the multilayers, and θ the grazing angle of incidence. A simple multilayer (with constant d) shows a narrow energy/angular response. For astronomical applications, the narrow response is broadened by stacking multi-layers with different sets of periodic length and number of layer pairs in the depth direction, which produces the "supermirror". A supermirror is designed so that the periodic length decreases from the top surface to the base substrate. X-rays with higher energy, which has a longer penetration depth, is reflected by a deeper layer. Because the reflectivity response strongly depends on the incident angle, the multilayer design has been optimized for each reflector group, which is defined by the range of grazing incident angles. Table 2 describes the grouping definition. The range of a group is determined with roughly 10 % of an incident angle. Figure 3 shows a reflectivity versus X-ray energy. Groups 1 through 7 are designed to show a flat curve up to 78 keV which corresponds to the Pt-K edge energy. Reflectivity of Group 8 and higher falls at an energy lower than 70 keV because we designed the multilayer parameters for these groups with the limit of minimum d-spacing of 24Å , which is the manufactural limit with low roughness. Figure 4 shows a total effective area and contribution of each group estimated from the geometrical reflector parameters and the reflectivity of the supermirror with an assumption of interfacial roughness of 3Å (Debye-Waller factor).
Pre-collimator
Because of the grazing incident optics used in the HXT, some off-axis X-rays are also reflected on the supermirror surface and then reach the focal plane without the normal double reflection. These X-rays create a ghost image in the detector field of view (hereafter FOV), called stray light. The origin of stray light may be a bright point source located outside of the telescope FOV or a diffuse source extended over the telescope FOV, such as cluster of galaxies or the Cosmic X-ray Background. The ghost image by stray light acts as a diffuse background so that the stray light causes degradation of the detection limit. In order to reduce the stray light, some X-ray telescope systems are equipped with a baffle structure (pre-collimator) in front of the mirrors. The pre-collimator design described below was first introduced to the Suzaku XRT.
Since the HXT consists of a number of nested thin foils, we adopt the structure of the pre-collimator for the HXT to be the same as that of the Suzaku pre-collimator, except for the housing. The most intensive stray light contaminating the detector is off-axis X-rays which pass through just above the edge of the primary foils and are reflected once on the secondary foils (referred to as the secondary reflection). 15 Therefore, we arranged a number of the cylindrical blades coaxially, each of which is placed on the corresponding primary foil. We unified the pre-collimator housing with the mirror housing and introduced the alignment bars with double-sided grooves to hold the primary foils and blades simultaneously for easy alignment of their radial positions. The thickness of the blades is designed to be thinner than that of the foils. Hence, the pre-collimator has the advantage of reducing the stray light efficiently without any loss to the on-axis effective area.
The reduction rate of the stray light depends on the height, thickness and material of the blades. 16, 17 Since the pre-collimator mount makes the telescope vignetting narrower, there is a trade-off between stray-light reduction and the telescope FOV. Thus, we need to optimize the blade properties. The current design parameters of the HXT pre-collimator is summarized in table 3. The blade thickness and height (measured from the top edge of the primary foils) are 150 µm and 50 mm, respectively. This blade height is adequate to eliminate the secondary reflection from > 20 off-axis from the HXI FOV (32 mm ×32 mm). We selected aluminum as the blade material. 
Thermal Shield
In the ASTRO-H HXT, a thermal shield (TS) is used to cover the entrance side of the telescope housing as in ASCA and Suzaku. The main purpose of the TS together with the heater attached to the HXT housing is to keep the HXT mirror temperature within a specified range. The HXT-TS also works to block optical light from the sky and from the surface of Earth illuminated by the Sun. The performance requirements for the HXT-TS are summarized as follows.
1. HXT-TS should have a thermal control function, which meets the temperature condition for HXT mirror performance.
2. HXT-TS does not significantly reduce the low energy detection efficiency of the HXI.
3. HXT-TS should endure the rocket launch environments of acoustic, vibration, impact, and differential pressure.
4. HXT-TS should survive the orbital environment of temperature, debris and micro-meteoroids, UV light, and atomic oxygen. To achieve the above described performance of the HXT-TS, we designed the HXT-TS as described below. In order to give adequate thermal control function to the TS, we use aluminum-coated plastic film, which has low solar absorptance and low infrared emissivity. Since the energy band of the HXI covers 5 keV at the lower end, we will use 5 µm PET equivalent thin film with high mechanical strength as HXT-TS. The X-ray transmission of 5 µm PET is 98 %. In order to give enough mechanical strength to survive in various environments, a stainlesssteel mesh with a wire pitch, width, and thickness of 3 mm, 0.1 mm and 0.25 mm, respectively, is used to support the thin film. The transmission of soft X-rays down to 8 keV is 94 %, which maintains the effective area at 8 keV.
Among various environments at the launch, the most severest one is the acoustic environment. From the experience of ASCA and Suzaku, it was found that an assembly of 0.2 µm PET film, SUS mesh, and a aluminum frame with thickness of 4 mm can endure the acoustic environment of a M-V rocket. 5 Since the acoustic environment of the ASTRO-H launcher H IIA is less severe than M-V and the film thickness of 5 µm is an order of magnitude thicker than in the ASCA and Suzaku cases, the above described HXT-TS should endure the acoustic environment at launch.
We estimate the damage to the thin film from orbital debris and micro-meteoroids. It is found that the increase of the effective thermo-optical constant of the TS can be kept below 1% and the thermal control function will not change significantly for at least three years in orbit.
As for the HXT itself, the thermal shield is also produced as units of 1/3 circumference. The film and SUS mesh assembly is mechanically sustained by a frame made of aluminum, with a thickness of 6 mm. The frame has 6 spokes, which are along the alignment bars of the HXT.
On the degradation of a thin film of TS due to the irradiation of atomic oxygen in orbit, it was revealed from the experiment and the experience of ASCA and Suzaku, that the film can be protected by putting the aluminum coated side to outer space. However, the quality control of the aluminum coating should be strict because even a microscopic region without aluminum can be easily lost due to erosion by atomic oxygen.
EXPECTED PERFORMANCE
Effective area
The designed mirror on-axis effective area at an energy E can be calculated by S eff,design (E) = S i R i (E, θ i ) 2 , where S i is the projected area of reflector (shell number i) and R i (E, θ i ) is the reflectivity at the incident angle θ i to the reflector at the given energy. Based on the mirror inner and outer diameters, the focal length, reflector height, and the reflector thickness, each reflector top and bottom radii can be derived such that on-axis X-rays focus onto the focal plane without being blocked by adjacent reflectors. In other words, the nested reflector geometry is optimized to achieve the maximum on-axis effective area. The X-ray reflectivity is calculated with the designed multilayer parameters and interfacial roughness (see section 2.2). The obscuration by the housing structures, such as alignment bars, and segment boundaries, is also taken into account. The aperture efficiency, the usable projected area for X-ray focusing over the open aperture area is 0.67.
In the real HXT, the mirror effective area may be reduced from the designed value due to imperfections in the figure error and positioning uncertainty of the reflectors, which cause X-ray reflections off of the normal X-ray path. Thus X-rays may be blocked by adjacent reflectors or the housing structure resulting in a loss of effective area. This reduction factor f th , which is called throughput, needs to be taken into account. The throughput (TP) can be easily incoporated into the effective area equation because it's energy-independent, and the actual effective area can be estimated by S eff,actual = f TP S eff,design . Figure 5 shows the expected effective area assuming interfacial roughness of 3, 4 and 5Å . The throughput of 0.75 is adopted and is based on the measured results of the hard X-ray mirror for the SUMIT experiment.
12 Blue dots are from the 1st and 2nd level requirements for the effective area of the HXT (150 cm 2 at 30 keV, 55 cm 2 at 50 keV for a single telescope). According to X-ray reflectivity measurements of sample HXT reflectors, with the multilayer parameter groups 1, 4 and 7, we obtained the interfacial roughness to be 3.0 to 4.2Å
18 (Debye-Waller factor).
Vignetting
Mirror vignetting functions calculated by a ray-tracing simulator at energies of 10, 30 and 50 keV are shown in figure 6 for the ideal case (the reflector figure error and alignment error are not included). The mirror field of view (FOV) can be defined by the FWHM of the vignetting function. The FOVs at 10, 30 and 50 keV are 8.2, 6.4, and 5.3 arcmin, respectively.
Angular Resolution
The mirror angular resolution is defined by the Half Power Diamter (HPD), which is the diameter of the circle centered at the peak of the X-ray image from a point-like source, in which the half of the entire flux from the source is contained. The scientific requirement of the angular resolution is 1. 7 (HPD). The mirror HPD can be estimated from the square root of the sum of the squares (SRSS) of the following 4 errors, (1) image blur due to a conical approximation of the Wolter-I optic, (2) image blur due to the figure error of each reflector, (3) scattering of the image location from each reflector due to the positioning error of reflectors within a groove, and (4) image location shift from the image center along the radial direction due to the corresponding alignment bar positioning error 12 Table 4 shows the error budget estimated for the SUMIT hard X-ray mirror (87 pairs) and the HXT test assembly (10 pairs) along with the requirement. Note that the SUMIT mirror had a reflector height of 130 mm instead of 200 mm for the ASTRO-H HXT.
Stray light
The expected performance of the stray-light reduction by the pre-collimator is described in detail in Mori et al. (2010) . 17 A brief summary of the pre-collimator effect is described in this section.
Without the pre-collimator, the X-ray flux of the stray light from a point source located within 15 -25 off-axis are (2-9) × 10 −3 (≤ 50 keV) or (2-20) × 10 −4 (60 ∼ 70 keV), fainter than that from the same source located at the on-axis position † . The fraction of the stray-light flux is energy-independent below 50 keV since the intensity † We assumed the HXI FOV as a photon extraction region of the secondary reflection is determined by the geometrical configuration of the mirrors rather than the mirror reflectivity in this energy range. When mounting the pre-collimator, the stray light decrease by at least ∼ 10%; the X-ray fluxes of a 15 , 20 , and 25 off-axis source at 30 keV are reduced to 2 × 10 −3 , 2 × 10 −4 , and 5 × 10 −5 , respectively, compared to that of an on-axis source. Since the blade height of 50 mm is insufficient to block the secondary reflection at 15 off-axis, a part of this component remains at the edge of the HXI detector. Although the aluminum becomes transparent above 50 keV and then the stray lights penetrating the blades emerge at > 20 off-axis, the flux level can be restricted to be < 4 × 10 −4 .
The stray light hampers the survey of a high source-density region or the flux determination of a spatially extended source. The Galactic center is a good example of the former case. In the Galactic center, there are 8 bright point sources with the X-ray fluxes larger than 3 mCrab listed in the INTEGRAL/IBIS catalogue. 20 We performed simulations of pointed observations of the Galactic center with/without the pre-collimator (see figure 7) . We found that some source-free regions are contaminated severely by the stray light from the neighboring bright point sources without the pre-collimator and that the pre-collimator cleanly reduces this stray light.
The stray light also affects the accurate determination of the X-ray flux of a diffuse source. We performed a simulation of the CXB as an uniform flat-field sky with/without the pre-collimator. Without the pre-collimator, the CXB flux is overestimated by 33% due to the stray-light contamination from the outside of the telescope FOV. We found that this stray light can be reduced to 8% with the pre-collimator.
Alignment of the HXT
alignment purpose
An ideal observation in orbit can be carried out if a star can be positioned on the optical axis of the HXT with its image being captured at the center of the detector. In order to realize this, we need to know, on the ground, the orientation of the HXT and the location of the image on the optical axis, and furthermore, to prepare instrumentation to correct errors if they are significant. The HXT vignetting curve is very sharp especially at higher energies as shown in figure 6 . At 50 keV, the effective area is reduced to 80% with only 1 offset from the optical axis. We thus aim at establishing a method to measure the orientation of the HXT with an accuracy of ∼5 . The HXI detector is a 32 mm suare, and we need to know the HXT image location with an accuracy of ∼1 mm. Figure 8 is an overview of the satellite alignment measurement system to be used in the ground calibration. The orientation of the spacecraft is represented by the so-called "satellite reference cube mirror" attached at the base plate, and can be measured with a laser theodolite. Since the measurement accuracy is as good as ∼1 , we have decided to equip each HXT with a reference cube mirror, and measure relative orientation of the cubes by the theodolite. Before the alignment test of the entire spacecraft, we calibrate the orientation of the reference cube relative to the HXT optical axis in a stand-alone configuration, as explained in the next section.
The spacecraft alignment system
In order to learn/measure the position of the on-axis image, we adopt a TV camera system. Before the spacecraft alignment test, we calibrate the position of the on-axis image in the stand-alone configuration. For the reference of the HXI detector position, we have "target markers" on the base plate. We measure their positions with the TV camera to know the shift between the detector and the on-axis image.
Stand-alone calibration of the optical axis and the on-axis image
The stand-alone calibration of the HXT will be carried out in the synchrotron beam facility, SPring-8. At the beginning of the X-ray experiment, we change the orientation of the HXT with a bi-axial rotational stage so that its optical axis becomes parallel to the X-ray beam, in which configuration the focal plane image becomes the brightest. At the end of the on-axis image measurement, we insert a pin-hole slit on the aperture of the focal plane detector, and adjust its position in the plane perpendicular to the beam with a bi-axial linear stage so that the pin-hole center coincides with the image core (the maximum intensity signal at the detector). The location of this pin hole represents the center of the on-axis image. We measure the location of the pin hole with the TV camera adapted to the top of the HXT, and record its coordinates on the camera, which calibrates the TV camera. By selecting an appropriate objective lens, we can measure the position of the image on the focal plane with an accuracy of ∼0.1 mm.
In order to calibrate the orientation of the reference cube mirror, on the other hand, we need to insert the other pin-hole slit somewhere close to the aperture of the HXT. Instead of the X-ray detector, we set an auto-collimator so that it can look through the two pin holes. With this manipulation, the optical axes of the auto-collimator and the HXT are co-aligned. The relative orientation of HXT optical axis with respect to the cube can be measured with the auto-collimator by measuring the location of the light reflected from the cube in the collimator's field of view.
Correction of the alignment errors
In order to correct the orientation of the HXTs, we plan to insert mechanical shims beneath the mount adapters of the HXTs. Using the shims in a unit of 10 µm thickness, we can adjust the orientation in a unit by ∼10 . For correction of the lateral position of the HXTs, we insert an interface ring between the optical bench and the HXTs. After the spacecraft alignment measurement, we manufacture a new one by referring to the result of the alignment test, and replace the old one with the new one.
GROUND CALIBRATION
Overview of BL20B2 at SPring-8
Ground calibration of the HXT will be performed at the SPring-8 beamline BL20B2. SPring-8 is one of the third-generation synchrotron radiation facilities in the world and is located in Hyogo, Japan. The acceleration energy of an electron beam is 8 GeV, which is the highest in the world. SPring-8 is now operated in top-up mode (Top-Up Operation), where the loss of orbiting electrons is continuously replenished without aborting user experiments. The fluctuation of the ring currrent is on the order of 10 −3 , which is well below our requirement of 10 −2 .
The beam line BL20B2 is bending-magnet beam line in the Biomedical Imaging Center, allocated to medical applications and various imaging techniques in the energy range of 5 -113 keV. 21 The total length of this beam line is 215 m from the front-end. The BL20B2 consists of an optics hutch and three experimental hutches. The three experimental hutches are located 44, 203 and 211 m from the light source, referred to as hutch 1, 2 and 3, respectively. By using hutches 2 and 3, a 16m-long experimental hutch is available for calibrations of hard X-ray telescopes which have a long focal length. The X-ray beam, which is extracted from the bending magnet with a horizontal acceptance angle of 1.5 mrad, spreads to a 300 mm-wide beam at hutch 2, therefore, the available maximum X-ray beam size is 300 mm (horizontal) × 20 mm (vertical). The divergence angle of the X-ray beam at 200 m is ∼ 1 per mm. The Si Double Crystal Monochromator (DCM) is located in an optics hutch at 36.8 m from the light source, and the continuum X-rays are monochromatized by the DCM. By changing crystal planes of 111 (5.0 to 37.5 keV), 311 (8.4 to 72.5 keV), and 511 (13.5 to 113.3 keV), the wide energy range is available from 5 keV to 113 keV. The energy resolution (∆E/E) of the available X-ray beam achieves <10 −4 in this energy region. This is well within our requirement for monochromaticity. Calculated photon flux densities at hutches 1 and 3 are about 6 × 10 7 photons · s −1 · mA −1 · mm −1 and 1.5 × 10 7 photons · s −1 · mA −1 · mm −1 , respectively, at 30 keV with Si 311 reflections. It warrants to mention that synchrotron radiation is far brighter than a conventional X-ray source.
The telescope is mounted on a stage which allows three-axis rotations and two-axis translations in the hutch 2. A set of three-axis translation stages for the detector is located in the hutch 3. The X-ray beam can be shaped by a four-axis slit into a rectangular shape smaller than 30 × 30 mm 2 . Another slit is the fan-shaped slit, which can be placed in front of the telescope for uniform illumination in the R − θ mapping mode. We basically use a beam collimated by these slits and move the telescope and detector synchronously to map the entire aperture. The measurement systems at SPring-8 BL20B2 are described in more detail in Ogasaka et al. 
Calibration plans for HXT
In the past, we have characterized the hard X-ray telescopes on board InFOCµS (2001) and SUMIT (2005) at SPring-8 BL20B2. In the current plan, we will measure the point spread function (PSF) and the on-axis effective area at 30, 70, and 8 keV. The measurement at 8 keV is a cross calibration to the ISAS beamline. The effective area as a function of an off-axis angle (vignetting function) will also be measured at several energies. We must verify performance after the vibration test and confirm the reduction of the on-axis effective area with the pre-collimator. This plan includes the measurement of stray light and of the optical constants of platinum in the hard X-ray region.
We have reserved machine time for the HXT calibration as a "Power User" at SPring-8 BL20B2. The total calibration time for one telescope is estimated to be 768 hours (32 days). This time will be divided into 3 terms to verify the effects of mounting the pre-collimator and of the vibration tests. In the first calibration term for 288 hours, characterization of HXT without the pre-collimator will include optical tuning to improve image quality, data acquisition to build up a ray-tracing simulator, vignetting measurement for the determination of the optical axis, and measurement of the optical constant of platinum. In the next term for 96 hours, the characterization of the HXT with the pre-collimator before the vibration test will be mainly a vignetting measurement for the optical axis and a measurement of the PSF and effective area at the on-axis position in several energies. In the last term for 384 hours, the main purpose is performance verification of the HXT with the pre-collimator after the vibration test, for example the vignetting measurement for the optical axis. In this term, other measurements will be performed such as an additional on-axis measurement and a measurement of stray light in the hard X-ray region.
CONCLUSION
We have successfully designed hard X-ray telescopes to achieve the performance required for the scientific objectives of this project under the given boundary conditions. The expected effective area is 310 cm 2 at 30 keV with a field of view of 6. 4 (FWHM), and the expected spatial resolution is 1. 7. At Nagoya University, the prototype of mirror shells with the replication of the supermirrors has demonstrated that the design performance in table 1 are achievable and that the production rate is reasonable to complete the two telescopes according to the master schedule of the mission. The feasibility of the hardware design(mechanical and thermal) is also confirmed by simulations and tests with engineering models. The calibration process of the hard X-ray performance was established with Engineering Model (EM) mirror shells at SPring-8. Taking account of the comments from the Engineering Peer Review (EPR) / Pre-Design Review (PDR) reviewers, we are now ready for the fabrication of the flight hardware and their integration and calibration.
